The existence of a lineage-specific nucleotide substitution rate in mammalian mtDNA has been investigated by analyzing the mtDNA of all available species, that is, 35 complete mitochondrial genomes from 14 mammalian orders. A detailed study of their evolutionary dynamics has been carried out on both ribosomal RNA and first and second codon positions (P12) of H-strand protein-coding genes by using two different types of relative-rate tests. Results are quite congruent between ribosomal and P12 sites. Significant rate variations have been observed among orders and among species of the same order. However, rate variation does not exceed 1.8-fold between the fastest (Proboscidea and Primates) and the slowest (Perissodactyla) evolving orders. Thus, the observed mitochondrial rate variations among taxa do not invalidate the suitability of mtDNA for drawing mammalian phylogeny. Dependence of evolutionary rate differences on variations in mutation and/or fixation rates was examined. Body size, generation time, and metabolic rate were tested, and no significant correlation was observed between them and the taxonspecific evolutionary rates, most likely because the latter might be influenced by multiple overlapping variable constraints.
Introduction
The mitochondrial genome (mtDNA) of vertebrates has become a common tool for resolving phylogenetic relationships at different evolutionary depths due to its peculiar properties, such as the presence of strictly orthologous genes, the lack of recombination, and an appropriate substitution rate. The mitochondrial genome has been used extensively for the elucidation of the mammalian phylogeny; it has been completely sequenced in a large number of species, and several sequencing projects are now in progress.
Molecular phylogenies derived from the analysis of complete mtDNA genomes have extensively remodeled the classical view of intra-and interordinal mammalian relationships previously based mainly on morphological data (D'Erchia et al. 1996; Janke, Xu, and Arnason 1997; Springer et al. 1997; Stanhope et al. 1998) . However, several inconsistencies have surfaced, not only between molecular and morphological phylogenies, but also between nuclear and mtDNA molecular data. If left unresolved, these differences would weaken the reliability of molecular evolutionary inferences. Hence, a detailed study of the evolutionary dynamics of the mitochondrial genome in the different mammalian species is needed to find possible explanations for the observed inconsistencies and conflicts. In particular, marked differences in lineage-specific evolutionary rates and/or nucleotide composition heterogeneity could significantly affect phylogenetic reconstruction; they could mislead inference methods (Pesole et al. 1995) or cause long-branch attraction effects (Philippe and Laurent 1998) . Furthermore, a careful check of the molecular-clock hypothesis is needed if phylogenetic trees are to be used to estimate the divergence times between species.
Previous studies have suggested that significant rate heterogeneity exists between mammalian and other vertebrate mtDNAs. In particular, the nucleotide substitution rate calculated from fourfold-degenerate sites of shark mtDNA genes appears to be seven to eight times as slow as that of primates or ungulates (Martin, Naylor, and Palumbi 1992) , and teleost fish mtDNA has been reported to evolve four-to fivefold slower than mammalian mtDNA at the level of nonsynonymous positions (Cantatore et al. 1994) . Controversial results have been reported for turtle mtDNA: cytochrome b gene and restriction-site comparisons suggest a significant slowdown in the evolutionary rate of turtles compared with other vertebrates (Avise 1992; Bowen, Nelson, and Avise 1993) , whereas 12S rRNA sequences do not support such a rate reduction (Seddon, Baverstock, and Georges 1998) . Heterogeneity of amino acid substitution rates of mitochondria-encoded proteins has been reported, with mammals evolving at least six times as fast as fishes and rates increasing from fishes to amphibians, birds, and mammals (Adachi, Cao, and Hasegawa 1993) .
Within mammals, information on mtDNA rate variation is mostly limited to a few genes or species. The most comprehensive study has been carried out on the 13 protein-coding genes, but only for six species belonging to five orders. Results have shown that the nonsynonymous mitochondrial rates are clocklike for the majority of mitochondrial genes (Janke et al. 1994) in the reduced mammalian sample available at that time. More recent studies on large-sequence data sets have reported that primates evolve faster than any other order (Honeycutt et al. 1995; Adkins, Honeycutt, and Disotell 1996; Arnason, Gullberg, and Janke 1998) , with baboons and orangutans being the fastest among primates (Horai et al. 1992; Adachi and Hasegawa 1995; Xu and Arnason 1996; Arnason, Gullberg, and Janke 1998) . Furthermore, Proboscidea cytochrome b and 12S rRNA genes evolve more rapidly than those from any other mammalian order (Irwin, Kocher, and Wilson 1991; Ma et al. 1993; Lavergne et al. 1996) . Artiodactyla, then, evolve faster than fin whales (Honeycutt et al. 1995) .
Intraordinal comparisons indicate equal rates within rodents (Adkins, Honeycutt, and Disotell 1996) and variable rates within perissodactyls and artiodactyls (Honeycutt et al. 1995) . In a recent study, Pesole et al. (1999) estimated the absolute rate of mammalian mtDNA evolution by comparing closely related pairs of species whose divergence times were known with sufficient accuracy. They observed some rate heterogeneity at the level of nonsynonymous sites; primates (humans, chimps) evolved about 1.8 times as faster as perissodactyls (horses, donkeys) and 1.5 times as faster as carnivores (gray and harbor seals). We report here a comprehensive study on the existence of lineage-specific evolutionary rates in mammalian mtDNA by using all available complete mitochondrial genomes belonging to 35 species and 14 orders. Analyses were carried out on both ribosomal RNAs and first and second codon positions of proteincoding genes.
In order to avoid dependence on divergence time estimations, which are often controversial and unreliable (Springer 1995) , we used the relative-rate method based on the comparison of two species (ingroups) with a third, reference, group (outgroup) which was more distantly related to the two ingroup taxa than they were to each other (Sarich and Wilson 1973) . The only prerequisite for the test is the identification of one or more unambiguous outgroup species, which should be as close as possible to the ingroups in order to minimize errors in evolutionary distance estimations. The observed rate heterogeneity was correlated to body size, generation time, and metabolic rate. In addition, since the existence of a compositional bias may strongly affect estimates of nucleotide substitution rates (Pesole et al. 1995) , we also investigated heterogeneity in mtDNA base composition for the different mammalian lineages.
Materials and Methods
Complete mtDNA sequences from 35 mammalian species were retrieved from the EMBL database (release 61). These sequences are representative of 14 mammalian orders, and their accession numbers are reported in table 1. The complete Xenopus laevis mtDNA sequence (X02890) was included in this study for use as an outgroup in comparisons between noneutherian species. Multiple alignments of the 12 H-stranded proteincoding genes and of 12S and 16S ribosomal RNA genes were carried out with the PILEUP program (GCG 1994) , and, when necessary, manual adjustments were made with the LINEUP program (GCG 1994) . The alignments of protein-coding genes were guided by the corresponding amino acid alignments. Protein-coding (CDS) and rRNA supergenes were then obtained by concatenating alignments of all 12 protein-coding genes and the 2 rRNA genes, respectively.
The analyses were carried out on gap-free alignments. For protein-coding sequences, only the first and second codon positions (P12 CDS) were taken into account. For ribosomal RNAs, ambiguously aligned sites (mostly adjacent to gaps and belonging to loop secondary-structure regions) were also excluded. The total numbers of analyzed sites were 7,401 for the P12 CDS and 2,136 for the ribosomal sequences.
Homogeneity of base composition for both proteincoding and ribosomal genes was defined by checking the stationarity condition, that is, the existence of similar base frequencies within statistical fluctuations at equivalent positions (Saccone et al. 1990 ). For each sequence pair, the normalized frequencies of the two sequences were compared by means of a 2 test (statistical significance at P Ͻ 0.05). Furthermore, principal-component analysis (PCA) was carried out on the base composition of P12 CDS and rRNA supergenes using the ADE-4 software (Thioulouse et al. 1997) .
In order to investigate the existence of a global clock over mammalian mitochondrial phylogeny, Takezaki's test of the molecular clock based on the leastsquares method was used (Takezaki, Rzhetsky, and Nei 1995) , assuming the substitution model of Tamura and Nei (1993) . Such a test is designed to identify sequences that evolve significantly faster or slower than the average rate of all other sequences examined, starting from a tree topology determined without the assumption of rate constancy.
To detect rate differences between specific mammalian species, two different relative-rate approaches were applied: the relative-rate test of Muse and Gaut (Muse and Weir 1992; Muse and Gaut 1994) and that of Robinson (1998) . Muse and Gaut's test is a threespecies relative-rate test which is applied in a likelihood framework. Robinson's relative-rate test is a multiplespecies test that allows comparison of the mean rates of two lineages, each consisting of many sequences, using several outgroup sequences simultaneously. Statistical significance of the two relative-rate tests was assessed by means of the 2 test (P Ͻ 0.05).
The phylogenetic relationships used to identify the outgroup species for each species pair were set on a consensus tree of mammalian phylogeny inferred from both molecular and morphological data (de Jong 1998), available on request. Species with a controversial position in the mammalian phylogenetic trees were never used as outgroups and are indicated in table 1. When for a given species pair the nearest outgroup could not be identified with confidence, as many outgroups as possible were used. Possible bias due to usage of unbalanced taxonomic samples in the relative-rate test was avoided. Robinson's test was carried out with a guide tree reporting the mammalian consensus phylogeny; for Muse and Gaut's test, as many closest outgroups as possible were used for each species pair, and the rate differences were considered statistically significant when at least 50% of the outgroups used supported the rate difference.
The relative rate (⌬R) between two species was quantified only for statistically significant rate differences. For the ingroup species pair AB, diverging from internal node 1, the relative rate ⌬R AB was calculated as
with O being the outgroup species and d being the genetic distance calculated with the stationary Markov model (Saccone et al. 1990 ). The relative rate between species A and a set of species, i.e., B1, B2, . . . , Bn, was calculated as the average of the relevant ⌬R ABi values.
Estimates of the metabolic rate, the body size, and the generation time for some of the 35 species analyzed (see table 2) were obtained from the literature (McNab 1988; Heusner 1991; Purvis and Harvey 1995; Bromham, Rambaut, and Harvey 1996) and are available on request. The metabolic rate is represented as weightspecific standard metabolic rate (SMR) and expressed in W/g. Body size is represented by the mean female adult body weight, expressed in grams. The generation time is represented by age at first reproduction, expressed in days. When different estimates were available, the mean value was used. When there was a lack of information on life history variable values for a given species, data obtained from a different species belonging to the same genus were taken into account.
For each species pair showing significant rate differences in the relative-rate tests, the ratio values of the previously described life history variables and of the corresponding ⌬R were calculated and logarithmically transformed to carry out correlation analyses.
Results
Before undertaking rate heterogeneity measurements, we evaluated the compositional bias in both protein-coding and ribosomal genes by checking the stationarity condition (see Materials and Methods and Saccone et al. [1990] ). On the P12 protein-coding supergene, the stationarity condition was fulfilled for all pairwise comparisons, except for those involving the hedgehog. On ribosomal sequences, instead, all pairwise comparisons fulfilled the stationarity condition. Since the stationarity test measures similarity in base composition within statistical fluctuations, differences that are not statistically significant can be present even in the case of stationarity. In order to detect small compositional differences, we reduced the number of variables and maximized the corresponding variability by means of PCA carried out on the base composition of each species. In figure 1A and B, the two first PCA components are plotted for each of the 35 species considered. The PCA components were calculated on the base composition of P12 CDS and ribosomal supergenes, respectively. For the P12 CDS supergene, the first axis accounts for 51.65% variance and the second axis accounts for 37.68%, for a cumulative 89.31% total variance. For P12 CDS, the hedgehog (point 32 in fig. 1A ) appeared as an outlier due to its rather divergent base composition compared with that of other mammals. This is also demonstrated by the absence of the stationarity condition. Points corresponding to primate species (see points 1-7 in fig. 1A ) form a separate group identified mostly by the first component, in spite of the verified stationary condition with all other species. Within Primates, the baboon showed the most divergent base composition. On the ribosomal supergene, the first axis extracted by PCA accounted for 77.28% variance, and the second axis accounted for 16.67% (a cumulative 93.95% total variance). On ribosomal supergenes, Primates (see points 1-7 in fig. 1B ) again form a separate cluster due to their peculiar base composition, with the orangutan being the species deviating the most. Unlike the P12 CDS, the base composition of hedgehog rRNAs (see point 32 in fig. 1B ) does not differ significantly from that of the other species, which is also demonstrated by the fulfilment of the stationary condition. It is noteworthy that Primates form a distinct cluster with respect to other mammals in both PCA plots. This might be due to differences in their base compositions; they have a higher percentage of C and a lower percentage of T than the other mammalian sequences examined (data not shown). It has been remarked that such a compositional bias is also present, and much more markedly, in third codon positions ).
Takezaki's molecular-clock test (Takezaki, Rzhetsky, and Nei 1995) rejected the hypothesis of rate constancy (P Ͻ 0.01) on both P12 CDS and rRNA genes; thus, one or more mammalian lineages have statistically significant rate differences compared with the average evolutionary rate of all species at both of the mitochondrial sites considered. To identify such lineages, the heterogeneity in nucleotide substitution rate between species was investigated by two different relative-rate tests (see Material and Methods) . The results are shown schematically in figure 2, where P12 CDS and ribosomal supergene comparisons are shown above and below the diagonal, respectively. Comparisons with statistically significant rate differences have been marked with an arrow pointing to the species with the higher evolutionary rate, and the arrow types are different for the results obtained with Muse-Gaut's and Robinson's tests. In most cases, the two tests give congruent results, with differences being found mostly in the rRNA comparisons involving rodents or primates species. The results allowed the definition of a relative order of evolutionary rate between mammalian taxa.
In general, taxon-specific rate differences were detected in P12 CDS and ribosomal sites both at intra-and interorder levels. Statistically significant rate differences on P12 CDS sites were found within several orders. Baboons and orangutans showed significantly faster rates than other primates (⌬R ϭ 1.30 Ϯ 0.09 and 1.30 Ϯ 0.08, respectively). Indian rhinoceroses evolved 1.22 Ϯ 0.08 times as fast as other Perissodactyla. Within Artiodactyla, the rate of the hippopotamus was 1.22 Ϯ 0.08 times as fast as those of the other ruminants we considered. In Rodentia, the squirrel was the slowest-evolving species (⌬R ϭ 0.82 Ϯ 0.10), while the dormouse evolved 1.17 Ϯ 0.05 times as fast as the mouse. With ribosomal genes, no significant rate differences were observed in the same intraordinal comparisons except for the higher rate of orangutans (⌬R ϭ 1.61 Ϯ 0.22) among primates and the higher rate of Indian rhinoceroses (⌬R ϭ 1.77 Ϯ 0.29) compared with equiides.
For interordinal comparisons, the significant rate differences found in one or both of the relative-rate tests and the relevant relative rates (⌬R) are reported in figure  3 . The rate differences vary between 1.08 and 1.76 for the P12 CDS sites and between 1.10 and 1.71 for the ribosomal sites. On P12 CDS sites, Primates and Proboscidea are the fastest-evolving orders, evolving at 1.2-1.8 times the rate of other mammalian orders (figs. 2 and 3). The nucleotide substitution rate of the baboon, the fastest-evolving primate, was 1.16 Ϯ 0.08 times that of elephant. The rate of the Insectivore hedgehog was comparable to that of Primates and significantly higher than those of all other mammalian orders ( fig. 3) . However, in the case of hedgehog, the observed high evolutionary rate may be due to its deviating base composition. After Primates, Proboscidea, and Insectivora, the order Rodentia (with the exception of the squirrel) had the next fastest rate, 1.1-1.4 times those of the remaining orders ( fig. 3) . Depending on the rodent species considered, however, some comparisons of Rodentia versus Cetacea and Chiroptera did not support rate differences. Perissodactyla were the slowest-evolving mammals, as their rate turned out to be significantly slower than those of all other orders except Tubulidentata, which show a comparable rate. Among the remaining orders, rate differences were mostly not significant (see figs. 2 and 3); only Chiroptera evolved faster than Artiodactyla and Tubulidentata, whereas Cetacea evolved faster than Artiodactyla ( fig. 3) . No clear conclusion could be drawn on the relative rates of Marsupialia and Monotremata compared with all other mammalian orders, probably because of the much weaker resolution of the relativerate test when a distantly related outgroup (X. laevis) was used. FIG. 3 .-Mean relative rates and standard deviations for P12 protein-coding (P12 CDS) and ribosomal RNA (rRNA) supergenes for the interorder comparisons, with significant rate differences identified in the results of one or both of the relative-rate tests. Relative rate was calculated according to the formula reported in Materials and Methods, considering only interorder comparisons with significant rate differences reported in figure 1.
For the ribosomal genes, the interorder comparisons described a trend of taxon-specific rate differences similar to that found for P12 CDS sites. However, a lower congruency between results obtained from the two different relative-rate tests was found, particularly for some comparisons involving hedgehogs, primates, and perissodactyls ( fig. 2 ). For the CDS P12, Primates and Proboscidea were found to evolve at similar rates that were faster than those of most of the remaining orders (see figs. 2 and 3); the order Rodentia had the secondfastest rate, and the remaining interordinal comparisons did not show significant rate differences except for the faster evolutionary rate of Edentata compared with Tubulidentata, the faster rate of Cetacea compared with Chiroptera, and the slower rate of Perissodactyla compared with Artiodactyla and Chiroptera ( fig. 3) . Again, no clear conclusion could be drawn on the relative rates of Marsupialia and Monotremata, most likely owing to the use of a distantly related outgroup species. The insectivore hedgehog has an unclear evolutionary-rate pattern, as shown by the inconsistent results obtained with the two different tests ( fig. 2) . On the whole, the hedgehog appeared to evolve at a rate not significantly different from those of Primates, Proboscidea, and Rodentia but faster than those of Carnivora, Perissodactyla, and Artiodactyla (see fig. 3 ).
On the whole, the pattern of evolutionary rates was found to be quite similar between ribosomal and P12 sites. Most comparisons showed rate differences at both sites, mostly involving the fastest-evolving taxa, that is, Primates (such as the orangutan), Proboscidea, and Rodentia (such as the rat). Excluding the hedgehog because of its heterogeneous base composition, a highly significant correlation was found between ⌬R values calculated on P12 CDS and those calculated on ribosomal sites (r ϭ 0.66, P Ͻ 0.001 in fig. 4 ) for comparisons showing statistically significant rate differences at both sites. Thus, very similar patterns of rate variation were present at P12 protein-coding and ribosomal sites.
Possible correlations between evolutionary rate and several physiological and metabolic variables were investigated for both P12 CDS and ribosomal sites. For species pairs showing rate differences, the relative values of SMR, generation time, and body size were plotted against the corresponding relative rates (⌬R). Since data on life history variables were not available for all 35 analyzed species, only some of the 393 and 258 comparisons with rate differences on P12 CDS and on ribosomal sites, respectively, were considered (table 2) . Only the generation time showed some significant correlation (P Ͻ 0.05), but only for evolutionary rate dif- FIG. 4 .-Plot of the mean relative rate calculated on P12 proteincoding sites against that calculated on ribosomal sites for the interorder comparisons with statistically significant rate differences reported in figure 2. The regression line and the correlation coefficient are also reported.
ferences observed on P12 CDS and with a very low correlation coefficient.
Discussion
In the present study, evolutionary rate differences in mtDNA among mammalian taxa have been carefully investigated. Our data represent the largest mtDNA sequence data set used to examine this problem, for both the number of genes and the number of species considered. Our analyses were carried out on two classes of genes involved in different mitochondrial functions, i.e., ribosomal RNA genes and H-stranded protein-coding genes.
Checking for a homogeneous base composition is a prerequisite to carrying out reliable relative-rate tests, since a compositional bias may distort the evolutionary distance estimates (Saccone, Pesole, and Preparata 1989; Saccone et al. 1990; Pesole et al. 1995) and result in erroneous assessment of the relative rate of evolution (Mindell and Thacker 1996) and of phylogenetic reconstructions. Thus, the third codon positions of proteincoding genes were not considered in our analyses because of their strong compositional bias.
Similar patterns of evolutionary rate differences between species have been identified for both P12 CDS and ribosomal sites ( fig. 2) . Compared with protein genes, rRNA genes give a less clear indication of rate differences; indeed, for some comparisons, only one of the two relative-rate tests evidenced significant rate differences ( fig. 2, below the diagonal) . This could be explained with the peculiar substitution pattern in rRNA genes, where compensatory changes occur in the stem regions and insertion/deletions are common in the loop regions. Particularly in the 12S rRNA molecule, the heterogeneity of the transition/transversion bias between stems and loops and the rapid saturation of transitions reduce the resolution of this gene for interordinal relationships among Eutheria, particularly when only stem regions are considered (Douzery and Catzeflis 1995; Springer and Douzery 1996) . The same pattern should hold for the 16S rRNA; thus, some interordinal distances calculated on a ribosomal supergene might be underestimated.
The observed evolutionary pattern is taxon-specific. Proboscidea and Primates are the fastest-evolving mammalian orders, followed by Rodentia; Perissodactyla are the slowest. Compared with other mammals, the hedgehog clearly shows a higher evolutionary rate at P12 but not at ribosomal sites. This could be due to its divergent base composition only at P12 sites (point 32 in fig. 1 ), whereas in the ribosomal genes it shows a homogenous base composition with respect to other mammals. The fulfilment of the stationary condition in all comparisons involving the fastest orders allows us to exclude the possibility that the observed heterogeneity in evolutionary rate is an artifact due to base composition divergence. Furthermore, the fast-evolving orders Proboscidea and Rodentia have a base composition within the average of all other slow-evolving species for both P12 and ribosomal sites ( fig. 1 ). Only Primates, although stationary, show a peculiar base composition both on P12 and rRNA sites (points 1-7 in fig. 1A and B), which is also evident in third codon positions in which higher values of T and lower values of C are observed with respect to other mammals.
It is noteworthy that similar taxon-specificity ( fig.  2 ) and approximately the same values of rate differences ( fig. 4 ) have been found in both ribosomal RNA and protein-coding genes, although rRNA genes evolve between two-and threefold faster than P12 sites of proteincoding genes (Pesole et al. 1999) . Thus, the taxon-specific rate differences appear to be a general property of mtDNA as a result of evolutionary forces operating on the whole mitochondrial genome.
In general, evolutionary rate differences can stem from variations in mutation rates and/or variations in fixation rates, both of which are influenced by multiple factors (Kimura 1987; Mindell and Thacker 1996) . To date, the effects of mutation rate constraints (such as replication rate, repair efficiency, and exposure to mutagens) have not been analyzed directly but, rather, using biological variables that are supposed to be correlated with them. Among such variables are body size, generation time, and SMR (Laird, McConaughy, and McCarthy 1969; Martin and Palumbi 1993; Rand 1994) .
According to the proposed theories, taxa with large body size, long generation time, and low weight-specific metabolic rate should have a slower mutation rate. It is noteworthy that the fastest-evolving orders, such as Proboscidea, Primates, and Rodentia, show both high and low values of body size, generation time, and SMR. Moreover, the evolutionary rate differences we observed for ribosomal and P12 sites are not related to body size and SMR (table 2) . Generation time appears to be correlated with the observed rate differences only on P12 sites, but the correlation coefficient is very low, thus explaining a low percentage (17%) of variance.
Metabolic rate effect has been proposed to be very pronounced in mtDNA because of its constant exposure to oxygen radicals (Laird, McConaughy, and McCarthy 1969; Martin and Palumbi 1993; Rand 1994 ). However, a positive correlation between SMR and mutation rate would be found only in the case of an insufficient repertoire of oxidative-damage DNA repair. Mitochondria of higher organisms seem to be well equipped with base excision and oxidative-damage repair systems (Bogenhagen 1999; Sawyer and Van Houten 1999) , which show about the same efficiency as their nuclear counterparts (Sawyer and Van Houten 1999) . Indeed, the existence of taxon-specific DNA repair efficiency has not been proved until now. Moreover, it has been reported that the observed base composition constraints of mammalian mtDNAs are not due to oxidative damage, but mainly to spontaneous deamination during replication .
Further evidence against the metabolic rate hypothesis is that SMR measures the steady-state rate of heat production as oxygen consumption of the whole organism under a set of standard conditions (Rolfe and Brown 1997) . Thus, even supposing an influence of SMR on the mutation rate, SMR might not be an appropriate measure of oxidative stress and mutation rate in the female germ line responsible for mitochondrial inheritance. The existence of a different evolutionary rate of germinal and somatic tissues has been documented only in the mouse, in which the mutation rate per cell division is at least three times lower in germ cells than in somatic cells (Drake et al. 1998) .
The link between organismal generation time and mitochondrial evolutionary rate is not easily understandable, because little is known about mechanisms that coordinate mitochondrial and cellular replication. In addition, mtDNA turnover, which is independent of nuclear DNA replication and cell division (Bogenhagen and Clayton 1977) and is tissue-specific, has not been comprehensively studied. In this light, generation time appears a poor predictor of the chances of mitochondrial mutation events (Rand 1994) .
Body size is strongly correlated with SMR and generation time, but the complicated dependence of body size on many physiological, ecological, and life history variables might obscure possible relationships with factors regulating mitochondrial evolutionary rate.
The observed lack of correlation between any of these three life history variables and evolutionary rate (table 2) is also not surprising on account of the temporal scale. Indeed, evolutionary rates are calculated along a specific evolutionary line and reflect the evolutionary history of each lineage. In contrast, life history variables are measured in the present time and little or no information is available on their changes over time across a lineage. A clear example of this variation can be obtained from paleontological data, which show significant changes in body size in the evolution of different lineages such as perissodactyls, primates (Carrol 1988) , and rodents (Benton 1997 ).
As discussed above, even in the case of equal mutation rates, different evolutionary rates can be the consequence of variable constraints that affect fixation rates. Protein function, purifying selection, and population size might account for different fixation rates (Mindell and Thacker 1996) . However, we have no sufficient data on these parameters for the species so far studied, although important differences in evolutionary rate have been observed within several mammalian orders (e.g., Primates, Rodentia; fig. 2 ).
Another factor that could influence the evolution of mtDNA as a whole by modifying its global selective constraints is the nuclear genome. A cross-talk between nucleus and mitochondrion is required for mitochondrial biogenesis and maintenance; thus, coevolutionary processes between the two genomes are highly probable. Rate covariance of nucleus/mitochondrion has already been suggested for the accelerated amino acid rate in mitochondrial COII and nuclear cytochrome c genes in anthropoid primates (Adkins and Honeycutt 1994) . Such an interaction could not be restricted only to the genes for the respiratory chain and could be even stronger for mitochondrial processes that are completely dependent on nuclear genes, such as DNA replication. Furthermore, this coevolutionary process could operate in a taxon-specific manner, as it is known that the isochore structure of the nuclear genome shows taxon-specific features (Sabeur et al. 1993) . Thus, the pattern of rate heterogeneity between taxa found at the mitochondrial level should also be investigated at the nuclear level.
In conclusion, we observed that the rate of evolution of mammalian mitochondrial genomes is rather variable, not only between different orders, but also within orders and even between closely related species. This could explain the rejection of a general clocklike evolutionary pattern by the Takezaki test (Takezaki, Rzhetsky, and Nei 1995) . However, the observed mtDNA rate differences in mammals are low, showing a variability that never exceeds 1.8-fold. Such a limited extent of rate variation should not affect qualitative phylogenetic inferences (tree topology); however, accurate estimates of molecular dating can be obtained by using appropriate weighting based on the observed evolutionary rate. Similarly, accurate measures of rate differences in a broad taxonomic range, such as among vertebrates or Metazoa, are necessary to test the reliability of mtDNA in phylogenetic studies of other animal groups, and this will be possible as the number of available sequences increases. Our data might provide a substantial contribution to studies for molecular dating, because a correct assessment of divergence time from molecular sequences can only be obtained if differences in the rates of evolution between lineages are taken into account.
